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Coccidiosis is a disease caused by apicomplexan parasites of the genus Eimeria, which has a signiﬁcant
economic impact on poultry production. Multiple species infecting the turkey have been described; how-
ever, due to the general lack of unambiguous description, their identiﬁcation and taxonomy is debatable.
In this work, a systematic approach was taken to isolate, characterise and compare coccidian species in
the turkey. Individual species were tracked according to their unique 18S ribosomal DNA sequence. The
single-oocyst isolation technique and passaging of mixed species ﬁeld isolates in selectively immunised
birds enabled the derivation of pure species. Six distinct strains representing ﬁve eimerian species that
infect the turkey were obtained. It appears highly probable that these species represent all species
described in the past with the exception of Eimeria subrotunda. The species were analysed using both tra-
ditional methods and DNA sequencing. For each strain the oocyst morphology, prepatent period, gross
pathology, pathogenicity, host speciﬁcity and endogenous cycle were studied. Antigenic similarity was
investigated in multiple cross-immunity experiments. For identiﬁcation and quantiﬁcation of each indi-
vidual species or strain, quantitative real-time PCRmarkers were also developed. Parallel characterisation
of pure strains allowed comprehensive comparison with the original descriptions and assignment of cor-
rect species names. The species Eimeria meleagridis, Eimeria dispersa, Eimeria gallopavonis, Eimeria melea-
grimitis and Eimeria innocua were identiﬁed. Comparison of our data with those of previous studies
indicates that Eimeria adenoeides is most probably a synonym for either E. meleagridis or E. gallopavonis,
or a description based on a mixture of these species, and thus nomen dubium. The species E. dispersa and
E. innocua were also found to infect Bobwhite Quail. Phylogenetic reconstruction based on 18S rDNA and
cytochrome c oxidase subunit I gene (COI) sequences showed that these two species form a distinct clade
unrelated to other turkey coccidia and point to a polyphyletic origin of the species infecting the turkey.
 2014 The Authors. Published by Elsevier Ltd. on behalf of Australian Society for Parasitology Inc. This is
an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/).1. Introduction
Coccidiosis in the turkey (Meleagris gallopavo) is an important
veterinary disease with a signiﬁcant economic impact on the poul-
try industry. The seriousness of this disease is increasing with the
ongoing intensiﬁcation of poultry production worldwide. Out-
breaks of this disease can cause severe losses and even often unno-
ticed subclinical coccidiosis compromises farm productivity
(Gussem, 2007, Coccidiosis in poultry: review on diagnosis, con-
trol, prevention and interaction with overall gut health. 16th
European Symposium on Poultry Nutrition, Strasbourg, France).The disease is caused by single-cell parasites of the genus Eimeria
from the phylum Apicomplexa. Eimeria is a well-known pathogen
in many livestock animals including chickens, cattle, sheep and
rabbits. This parasite targets the intestinal tract of the host, where
it completes its complex life cycle whilst damaging the intestinal
cells. Such damage leads to malabsorption, inﬂammation, haemor-
rhage, diarrhoea and possibly death. Each host has a range of Eime-
ria spp. that cause coccidiosis in that speciﬁc host. These species
share common features that evolved deep in the evolution of these
parasites (such as a multistage life cycle) and at the same time they
differ by more recent, often subtle, specialisations (such as the site
preference in the intestinal tract). Considering the history of
research in Eimeria, it is apparent that determination of the afore-
mentioned differences and discrimination between the species can
be quite difﬁcult. As the immunity acquired by the host after infec-
tion is species-speciﬁc or even strain-speciﬁc (Smith et al., 2002),
each Eimeria sp. presents a separate threat for the host. For
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essential to know the range of species infecting the host and to
possess the tools that reliably distinguish between them.
There are seven species described in the literature that infect the
turkey – Eimeria meleagridis Tyzzer, 1929, Eimeria dispersa Tyzzer,
1929, Eimeria meleagrimitis Tyzzer, 1929, Eimeria adenoeides
Moore and Brown, 1951, Eimeria gallopavonis Hawkins, 1952, Eime-
ria innocua Moore and Brown, 1952 and Eimeria subrotunda Moore
et al., 1954 (Chapman,2008;Williams, 2010). In theoriginal descrip-
tions these species are differentiated by localisation in the intestine,
oocyst morphology, prepatent period, pathogenicity, details of life
cycle, absence of cross-immunity between the species or their host
speciﬁcity. However, many of these parameters overlap or are
deﬁnedonly vaguely and thus the species identiﬁcation remains dif-
ﬁcult. Theﬁrst systematic reviewsof coccidia in the turkeywerepro-
vided by Tyzzer (1929) and Hawkins (1952). Especially Hawkins’
work is very detailed and extensive and deals with four species (E.
dispersa, E. meleagridis, E. meleagrimitis and E. gallopavonis). Another
three species (E. adenoeides, E. innocua and E. subrotunda) were
described in the works by Moore and Brown (1951, 1952) and
Moore et al. (1954). Later works dealing with some of these species
often provided ambiguous results that were not always in line with
the original descriptions or with the observations of other authors
(Clarkson, 1958, 1959a,b; Long et al., 1977; Doran, 1978; Long and
Millard, 1979; Ruff et al., 1980; Matsler and Chapman, 2006). An
extensive literature survey on turkey coccidia was conducted by
Chapman (2008). The insufﬁcient and ambiguous descriptions of
turkey coccidia, together with the missing reference strains, casts
doubts over the validity of all of the described species and over the
correct identiﬁcation of the species today.
The aim of this work was to gather all the available Eimeria spp.
which infect turkeys and to characterise and compare those thor-
oughly, using both traditional methods and DNA sequencing. Using
the single-oocyst technique, pure strains corresponding to each
unique sequence of small ribosomal subunit DNA (18S rDNA) were
obtained. Oocyst morphology, prepatent period, gross pathology,
pathogenicity and host speciﬁcity were determined and a histolog-
ical study of the endogenous life cycle was carried out for each
strain. Antigenic similarity was investigated in multiple cross-
immunity experiments. Together with the 18S rDNA gene,
sequencing of the mitochondrial cytochrome c oxidase subunit I
gene (COI) and internal transcribed spacer 1 (ITS1) was performed,
and models of phylogeny based on these data were generated. An
important factor that enabled progress in this work was parallel
development of quantitative real-time PCR (qPCR) assays for iden-
tiﬁcation and quantiﬁcation of these species or strains.
The results of this work were placed into the context of the ori-
ginal descriptions with the aim to identify the most plausible
assignment of species names to the individual pure strains. Five spe-
cies were obtained – E. meleagridis, E. dispersa, E. meleagrimitis, E.
gallopavonis and E. innocua – while we presume that E. adenoeides
is either a synonym for E. gallopavonis or E. meleagridis, or more
probably a misidentiﬁcation. The results showed that E. meleagridis
and E. gallopavonis are close relatives according to both molecular
phylogeny and their similar biology and these species parasitise
the caecal region in turkeys. Eimeria meleagrimitis parasitises the
entire small intestine and we consider it as one of the most patho-
genic species together with E. gallopavonis. Eimeria dispersa and E.
innocua share some interesting features, such as the ability to infect
the quail and the absence of a refractile polar body, that correlate
with their isolation in a separate phylogenetic clade distant from
other Eimeria spp. which infect turkeys. It is possible that the turkey
is not the main host for these two species. In accordance with the
original species description, the last species described in the litera-
ture, namely E. subrotunda, seems to be a relative of E. dispersa and E.
innocua and we did not ﬁnd this species in our samples.This work presents a comprehensive description of six single-
oocyst isolates and the analysis of their relationships, with the
aim to clarify the ambiguities in identiﬁcation and taxonomy of
turkey coccidia. Molecular diagnostic tools that can assist in spe-
cies identiﬁcation are also presented.2. Materials and methods
2.1. Isolation and characterisation of different strains and species
2.1.1. Parasites
Samples of oocysts used for the derivation of pure strains were
collected at turkey farms in the Czech Republic, Poland and Ger-
many. These farms did not use in-feed anticoccidial drugs and
there was suspected coccidiosis at the time of sample collection.
Oocysts were isolated from litter and faeces using the modiﬁed
sugar ﬂotation method (Long et al., 1976). Sporulation of oocysts
was achieved by incubation and shaking for 2 days at 27 C in
2.5% potassium dichromate. Oocysts were then stored at 4 C in
the same solution. Further puriﬁcation of oocysts for random
ampliﬁed polymorphic DNA (RAPD) PCRs was carried out using
the sugar-gradient method (Ryley et al., 1976) in order to eliminate
contaminating sources of DNA from the feed, host or gut micro-
ﬂora. At least 20 million sporulated oocysts were used for DNA
extraction for RAPD PCR. Puriﬁed oocysts were stored at 4 C in a
PBS solution prior to DNA isolation.
2.1.2. Animals
All experimental studies with animals were performed in accor-
dance with the regulations and laws of the Czech Republic. Exper-
imental protocols were reviewed and approved by the Ethics
Committee of the Company and the Ministry of Industry and Trade
of the Czech Republic under the project licence number 94/2008.
Turkeys of the breed BUT Big 6 were used for all experiments as
well as for passaging of oocysts. Turkeys were hatched in a cocci-
dia-free environment and kept in coccidia-free rooms disinfected
by gaseous ammonia. Passaging of oocysts in the birds was carried
out in isolators equipped with individual air-conditioning. Feed
and any other material that came into contact with the birds was
treated with gaseous ammonia. The majority of experiments
started with birds prior to 4 weeks of age. Before the start of each
experiment the faeces of birds were examined to conﬁrm the
absence of coccidia using salt ﬂotation and the McMaster chamber
method (Long et al., 1976). At the start of each experiment, the
birds were moved to incubators or ﬂoor pens with either bedding
or wire mesh ﬂoor depending on the type of experiment. Host
speciﬁcity was tested using Bobwhite Quail (Colinus virginianus).
Quails were kept on in-feed anticoccidial drugs until 2 days before
the beginning of the experiment.
2.1.3. Isolation of individual species
Based on preliminary assessment of the species content, judg-
ing by the gross pathology and oocyst morphology, several initial
single-oocyst isolations were carried out. A micromanipulator
(Narishige, Japan) was used to pick up individual oocysts and these
were individually sealed in pieces of agar for inoculation of tur-
keys. Oocysts were passaged in the birds until a sufﬁcient amount
was obtained for analysis. The number of species present was esti-
mated according to 18S rDNA sequences obtained from the mixed
isolates and the aim was to isolate each strain with a unique 18S
rDNA sequence. Additional strains (species) were obtained using
a stepwise approach in which the turkeys were immunised with
the already-isolated pure strains and later challenged with a mixed
inoculum containing additional species of interest. Immunisation
was performed twice during a 14 day interval with 5,000
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2 weeks later. The resulting isolate was enriched in species not
yet isolated due to the suppression of species that were used for
the immunisation. The enriched isolate was then used for multiple
single-oocyst isolations and the resulting strains were analysed for
18S rDNA sequences. A wider range of pure strains was subse-
quently used for selective immunisation and production of oocysts
enriched in additional species. This process was repeated until all
representatives with a unique 18S rDNA sequence were obtained.
The simultaneous development of qPCR for identiﬁcation of indi-
vidual strains and species enabled faster assessment of the species
content and inoculum purity than laborious sequencing of 18S
rDNA, and therefore the qPCR progressively replaced 18S rDNA
sequencing for the species identiﬁcation. The E. meleagridis RM
strain was kindly provided to us by Ralph Marshall (Animal Health
and Veterinary Laboratories Agency, Weybridge, UK). The strain
was labelled as E. meleagridis, isolated in 1971 from turkeys in
the UK, and it was kept in liquid nitrogen in Weybridge.
2.1.4. Measurement of oocysts
One hundred sporulated oocysts of each pure strain were used
for dimensional measurements. They were measured in home-
made glass chambers similar to a McMaster chamber with the dis-
tinction that the upper glass was replaced with a common cover-
glass so that 400magniﬁcation could be used to measure oocysts
ﬂoating in saturated salt solution. This method was utilised in
order to prevent inaccuracies that may arise when carrying out
measurements using a common microscope slide; the cover-glass,
together with the drying of suspension, causes pressure that
deforms the oocysts. Histograms of length and width were then
checked for compatibility with a Gaussian curve and in the event
of any reservations regarding the normality of distribution, an
additional 100 oocysts were measured. A shape index (length/
width) was calculated from the mean values of length and width.
The presence or absence of a refractile (polar) body or bodies
was also examined in the sporulated oocysts.
2.1.5. Prepatent period
The time elapsed between the infection and emergence of the
ﬁrst oocysts in the faeces was measured by the collection of faeces
during discrete time intervals. Typically, 6 h intervals were used
during the period of expected appearance of oocysts (90–144 h
p.i.). A minimum of three turkeys were inoculated with a dose of
10,000 sporulated oocysts of each pure strain and the faeces from
each collection interval were examined by ﬂotation and counting
in the McMaster chamber. The prepatent periods reported in this
work are the intervals during which the ﬁrst oocysts appeared.
2.1.6. Gross pathology
Twenty-ﬁve days old coccidia-free turkeys, arranged into
groups of six animals, were infected with various doses of each
pure strain. Usually, one low dose (tens of thousands of sporulated
oocysts) and one high dose (hundreds of thousands of oocysts)
were used. Necropsies were carried out on days 5, 6 and 7 p.i. using
two birds from each group. Intestines from duodenum to rectum,
including caeca, were visually examined. The control group con-
sisted of non-infected animals from the same ﬂock.
2.1.7. Evaluation of pathogenicity
Pathogenicity was measured as the effect of infection exerted
on the growth rate. Turkeys were arranged into groups of ﬁve ani-
mals and infected with individual strains (speciﬁc doses used and
age of birds are given in the Fig. 2 legend). Birds were weighed
every 3 days up to 14 days p.i. The control group consisted of
non-infected animals from the same ﬂock. Average body weightgains were expressed as a percentage increase since the day of
infection.
2.1.8. Endogenous development
Histological study of endogenous development was carried out
for each of the six strains harbouring the unique 18S rDNA
sequence. The species purity of each strain was tested by qPCR
prior to infection. Two weeks old turkeys were arranged into
groups of two animals corresponding to different time points of
the examination after infection. Groups were infected with graded
doses from the highest (millions of oocysts) to the lowest (thou-
sands of oocysts, Supplementary Table S1). Alternative experimen-
tal groups were created for birds destined to be examined 48 h p.i.
and at later time points, and these received lower infective doses.
Infected birds were killed at 16 h intervals up to 128 h p.i. From
each bird, samples were taken from the following locations
depending on species: E. meleagridis: duodenal loop, middle jeju-
num, upper ileum, middle ileum, lower ileum, neck of the caecum,
middle part of the caecum, tip of the caecum, rectum; E. innocua
and E. meleagrimitis: duodenal loop, upper jejunum, middle jeju-
num, lower jejunum, upper ileum, middle ileum, lower ileum, neck
of the caecum, middle part of caecum, rectum; E. dispersa: duode-
nal loop, upper jejunum, lower jejunum, upper ileum, middle
ileum, lower ileum, neck of the caecum, middle part of the caecum,
rectum; E. gallopavonis: duodenal loop, upper jejunum, middle
jejunum, ileum at diverticulum, upper ileum, middle ileum, lower
ileum, neck of the caecum, middle part of caecum, rectum. Samples
were ﬁxed with 10% formaldehyde, embedded in parafﬁn wax,
sliced and histological slides were stained with H & E.
2.1.9. Cross-immunity tests
Two types of cross-immunity experiments were performed. In
the ﬁrst type the turkeys, in groups of ﬁve animals, were immun-
ised once with a single pure strain of coccidia and challenged 2
or 3 weeks later with either a homologous or heterologous strain.
The total production of oocysts per bird was then measured
between days 5 and 8 after the challenge infection. Control groups
consisted of non-immunised turkeys that were challenged with
either one or another strain simultaneously with the other groups.
Reduction of oocyst output was then calculated from the difference
between the non-immunised and immunised groups challenged
with the same strain. In the second type of experiment, sterile
immunity was ﬁrst induced using repeated immunisations with a
single pure strain. The birds kept in isolators were immunised six
times with 5,000 sporulated oocysts within 24 days until no
oocysts were detected in their faeces by McMaster counting. Two
birds were infected with either a homologous or heterologous
strain and the oocysts produced between days 5 and 8 were
counted and analysed by qPCR. During the immunisation, faeces
of birds were periodically tested by qPCR for the presence of only
single species in order to control unintended immunisation by
other species. In the event of potential contamination either during
the immunisation or during the challenge infection, the experi-
ment was terminated and repeated. Details of cross-immunity
experiments are presented in Supplementary Table S2.
2.1.10. Host speciﬁcity
Quails were checked for the absence of coccidia in the faeces
before the start of the experiment. These birds were used at
3 weeks of age. Anticoccidial drugs were withdrawn 2 days before
inoculation and the birds were arranged into groups of ﬁve animals
that received a mixed species inoculum containing 20,000 oocysts
of each pure strain (E. meleagridis KR, E. meleagridis KCH, E. dispersa,
E. innocua and E. meleagrimitis). Eimeria gallopavoniswas not tested
as it was not available at the time of this experiment. Faeces were
collected between days 5 and 8 p.i. and analysed by qPCR for the
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identiﬁed were tested again using other birds inoculated with a
single-species inoculum. As a positive control in this experiment,
three turkeys were used that were inoculated with the same mixed
inocula, and detection of each species was predicted by qPCR. Total
oocyst output per bird was also assessed using a McMaster
chamber.2.1.11. Species identiﬁcation
The biological characteristics of the six strains of turkey coccidia
were compared with the original descriptions of Eimeria spp.
which infect turkeys. Subsequent, more detailed descriptions of
some of these species published by Hawkins and Clarkson in the
1950s were also included for comparison (Table 1). The aim was
to assign the species names that are in maximal agreement with
the original descriptions.2.2. Molecular characterisation and phylogenetics
2.2.1. Isolation of DNA from oocysts
For DNA extraction, the oocysts were washed three times in PBS
and crushed with 0.5 mm glass beads in a Mini-BeadBeater-16
(BioSpec, USA). DNA was then isolated using the spin-column
method provided by the DNeasy Blood & Tissue Kit (Qiagen, Ger-
many). The protocol for puriﬁcation of total DNA from animal tis-
sues that was included in this kit was followed.2.2.2. Sequencing of 18S rDNA, COI and ITS1
PCRs for obtaining 18S rDNA and COI fragments were carried
out using Phusion Hot Start II polymerase (Thermo Scientiﬁc,
USA) in the presence of 200 lM dNTP and 500 nM primers. 18S
rDNA was ampliﬁed using previously published primers (Barta
et al., 1997). ITS1 and COI fragments were ampliﬁed using custom
degenerate primers designed according to the comparison of
sequences from multiple Eimeria spp. using Clustal W software
(Larkin et al., 2007) (Supplementary Table S3). The thermal cycling
programme for 18S rDNA consisted of initial denaturation at 98 C
for 1 min followed by 25 cycles of denaturation at 98 C for 15 s,
annealing at 69 C for 20 s and extension at 72 C for 1 min. The
programme for COI consisted of initial denaturation at 98 C for
1 min followed by 30 cycles of denaturation at 98 C for 15 s,
annealing at 67 C for 20 s and extension at 72 C for 30 s. PCRs
for ITS1 were carried out using Taq polymerase premixed in 2
Blue Master Mix (Top-Bio, Czech Republic). The thermal cycling
programme for ITS1 consisted of initial denaturation at 95 C for
1 min followed by 25 cycles of denaturation at 95 C for 15 s,
annealing at 55 C for 30 s and extension at 72 C for 1 min. PCR
products were puriﬁed using a QIAquick PCR Puriﬁcation Kit (Qia-
gen). The PCR products were blunted (if Taq polymerase was used)
and phosphorylated (if non-phosphorylated primers were used).
All PCR products were inserted by blunt-end cloning into an
EcoRV-digested dephoshorylated pBluescript vector (Stratagene,
USA) and transformed into chemically competent DH5a Escherichia
coli cells (Inoue et al., 1990). Plasmid DNA was prepared with a
QIAprep Spin Miniprep Kit (Qiagen) and sequenced from both ends
(Macrogen, Korea). Sequences of primers were trimmed from the
ends of the obtained sequences. Samples analysed at the beginning
of this work were largely mixed species, so it was necessary to
sequence tens of clones (bacterial colonies) of 18S rDNA from each
sample. When samples contained two species, sequencing of
approximately 12 clones was sufﬁcient. Pure strains were analysed
by at least six clones of 18S rDNA. After the purity of strains was
also conﬁrmed by qPCR, six clones of COI and six clones of ITS1
from each sample were sequenced.2.2.3. Phylogenetic analysis
All three kinds of sequences (18S rDNA, COI and ITS1) from all
six strains of coccidia were used for inference of phylogenetic rela-
tionships using maximum likelihood (ML) and Bayesian inference
(BI). Sequences of 18S rDNA and COI were aligned together with
the sequences from Eimeria spp. which infect chickens. Sequences
were aligned using Clustal W (18S and COI) or MUSCLE (ITS1,
Edgar, 2004) and the phylogenetic relationships were analysed in
TOPALi software (Milne et al., 2004). The length of alignment
was 1771 bp for 18S rDNA and 804 bp (268 amino acids) for COI.
ML inference was carried out using PhyML (Guindon and
Gascuel, 2003) and BI was performed using MrBayes (Ronquist
and Huelsenbeck, 2003). The optimal nucleotide substitution mod-
els for phylogenetic analyses were chosen using ModelGenerator
(Keane et al., 2006) according to the Bayesian Information Criterion
(BIC). The reliability of ML tree topology was evaluated by boot-
strap resampling with 100 replicates. BI was performed using
two independent runs for 500,000 generations with the ﬁrst 30%
discarded as burn-in and sampling every 10 generations. For the
COI coding sequence, the substitution models were selected inde-
pendently for each codon position and used in partitioned BI
implemented in MrBayes and partitioned ML implemented in RAx-
ML (Stamatakis, 2006). Phylogenetic trees were either rooted to
the outgroup or midpoint-rooted and visualised in FigTree (Ram-
baut, 2009, available from http://tree.bio.ed.ac.uk/software/ﬁg-
tree/). As an outgroup for the 18S phylogenetic tree, the
sequence of Cyclospora sp. was used, and for the COI tree the
sequences of murine Eimeria were used. Phylogenetic analyses
included sequences from seven representatives of chicken coccidia,
namely Eimeria acervulina, Eimeria brunetti, Eimeria maxima, Eime-
ria mitis, Eimeria necatrix, Eimeria praecox and Eimeria tenella. These
sequences were obtained from GenBank and their accession num-
bers are included in the phylogenetic trees.
2.3. Development of qPCR diagnostic assays
2.3.1. RAPD PCRs
RAPD PCRs were run using random 10-mer primers designed by
Operon Technologies (USA), speciﬁcally primers OPA-01 to OPA-20
and OPB-01 to OPB-20. RAPD reactions were run using a 2 Blue
Master Mix (Top-Bio) supplemented with 500 nM primers and
1 ll of template DNA in a 20 ll volume. The thermal cycling pro-
gramme consisted of initial denaturation at 95 C for 2 min fol-
lowed by 40 cycles of denaturation at 95 C for 20 s, annealing at
40 C for 1 min and extension at 72 C for 1 min 30 s. At least
two DNA templates from two different strains of turkey coccidia
were used in parallel to allow comparison of the resulting bands
in the gel. PCR fragments from RAPD reactions were then resolved
in 1.5% Tris–borate-EDTA agarose gel. Gels were post-stained using
GelGreen dye (Biotinum, USA). Samples using the same primer and
different DNA template were then directly compared side-by-side.
Bands of suitable size (no less than 300 bp, no more than 1500 bp)
and intensity were then marked for excision.
2.3.2. Derivation of qPCR markers
DNA bands in RAPD gels that were unique to a speciﬁc template
were excised and puriﬁed using a QIAquick Gel Extraction Kit (Qia-
gen) and the PCR fragments were blunted using a Klenow fragment
and phosphorylated using T4 polynucleotide kinase. RAPD frag-
ments were then cloned into the EcoRV site of dephoshorylated
pBluescript II vector. DNA from positive bacterial colonies was
extracted using a QIAprep Spin Miniprep Kit and plasmids were
sequenced from both ends (Macrogen). The resulting sequences
were then searched against public databases using the BLAST algo-
rithm. Sequences matched to some known organism such as a bac-
terium or yeast were excluded. Unmatched sequences were used
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qPCR were designed using Primer3 software (Rozen and
Skaletsky, 2000). The expected secondary structure of each candi-
date marker was checked with an mfold DNA folding predictor
(Zuker, 2003). Only forward and reverse primers were synthesised
for candidate markers; the probes were synthesised only for deﬁn-
itive markers validated in SYBR Green assays. TaqMan hybridisa-
tion probes were labelled with 6-carboxyﬂuorescein (6-FAM) at
the 50 end and with a Black Hole Quencher (BHQ-1) at the 30 end.2.3.3. Validation of qPCR markers
Preliminary tests of the speciﬁcity and sensitivity of candidate
markers were carried out using SYBR Green qPCRs. The reactions
were run in the Mx3005P (Stratagene) real-time PCR cycler using
a 2 SYBR Master Mix (Top-Bio) supplemented with 500 nM can-
didate marker primers, 50 nM ROX reference dye and 1 ll of tem-
plate DNA in a 10 ll volume. The thermal cycling programme
consisted of initial denaturation at 95 C for 1 min followed by
40 cycles of denaturation at 95 C for 15 s and combined annealing
and extension at 60 C for 30 s. Dissociation curves were generated
from measurement of ﬂuorescence between 55 and 95 C. DNA
from each available pure strain of turkey coccidia was used as a
template. Mixtures of species and DNA from unpuriﬁed oocysts
were used in these tests. The presence of a single band and its
length was also checked by agarose gel electrophoresis. The mark-
ers that performed best in these preliminary tests were selected for
ﬁnal qPCR assays utilising TaqMan probes.
TaqMan qPCR was run using the 2 Blue Master Mix (Top-Bio)
supplemented with 500 nM primers, 250 nM probe, 50 nM ROX
reference dye and 1 ll of template DNA in a total volume of
10 ll. The thermal cycling programme consisted of initial denatur-
ation at 95 C for 1 min followed by 40 cycles of denaturation at
95 C for 15 s and combined annealing and extension at 60 C for
30 s. White low-proﬁle qPCR plates were used (Bioplastics, Nether-
lands). The reactions were run in triplicate. Speciﬁcity was tested
using single-species and mixed-species templates and using tem-
plates prepared from collected litter (containing DNA of the host,
microﬂora and the feed). Speciﬁcity was also tested using a mixed
template from Eimeria spp. infecting chickens (E. acervulina, E. bru-
netti, E. maxima, E. mitis, E. necatrix, E. tenella and E. praecox). Sen-
sitivity and PCR efﬁciency were tested using standard curves based
on both linearised plasmids and genomic DNA. A dilution series of
DNA templates was prepared in the presence of glycogen at a con-
centration of 33 lg/ml. Linearised plasmids were diluted in 10-fold
dilutions containing from 107 to 101 target copies per 1 ll of tem-
plate. The genomic template used for the measurement of PCR efﬁ-
ciency was diluted into eight twofold dilutions. For the tests of
target copy-number equivalency, the template was prepared from
equal amounts of sporulated oocysts of each strain and this mixed
genomic DNA was then used for the construction of standard
curves.3. Results and discussion
3.1. Isolation and characterisation of different strains and species
Analysis of 18S rDNA sequences from mixed isolates showed
the presence of various Eimeria spp. In some isolates, a single spe-
cies predominated and these isolates were used for the ﬁrst single-
oocyst isolations. The pure strains isolated using this method were
initially named E. adenoeides KR and E. adenoeides KCH, and were
described in a previous study (Poplstein and Vrba, 2011). In the
present work the identiﬁcation of E. adenoeides was revised to E.
meleagridis. In addition, two strains of E. meleagridis from different
sources were obtained for comparative analysis. Eimeria dispersawas isolated using the same methodology. Eimeria innocua, E. mel-
eagrimitis and E. gallopavoniswere isolated using selective immuni-
sation and enrichment, continual analysis of the population of 18S
rDNA sequences and single-oocyst isolations. Each strain was char-
acterised by a unique 18S sequence except for E. meleagrimitis,
which contained two relatively distinct types of 18S rDNA that
were initially thought to represent two independent species. Fur-
ther analyses and a series of single-oocyst isolations showed the
inseparability of these two sequences and conﬁrmed intragenomic
polymorphism similar to that found in E. mitis (Vrba et al., 2011).
The ﬁnal assignment of species names was completed after the
isolation and characterisation of all strains. Formerly these strains
were considered as unknown species with the known 18S rDNA
sequence. Microphotographs of oocysts and basic characteristics
of individual species and strains are presented in Fig. 1 and Supple-
mentary Table S4.
3.1.1. Eimeria meleagridis
Oocysts, prepatent period, pathogenicity. The two strains of this
species that were initially isolated and labelled KR and KCH dif-
fered in the morphology of their oocysts and in their sequences
of 18S rDNA, ITS1 and COI. All other biological parameters, namely:
prepatent period, localisation, gross pathology, pathogenicity and
endogenous life cycle were similar or identical. These two strains
also showed high antigenic similarity in cross-immunity experi-
ments. The dimensions of oocysts presented in this work differ
slightly from those reported previously (Poplstein and Vrba,
2011) due to the different measuring technique used, with mea-
surements carried out in a ﬂotation chamber (Supplementary
Table S4). In addition to the two previously reported shapes of
oocysts – large ellipsoidal and small ovoid – an additional two
strains (NR and RM) were obtained with shapes of oocysts that
are intermediate of the two extreme shapes. According to the
molecular analyses, the strains NR and RM correspond to KCH
and this ﬁnding further blurs the boundary between the KR and
KCH strains. The other biological parameters of the NR and RM
strains, namely prepatent period and gross pathology, did not dif-
fer from the KR or KCH strains. The borderline between species and
strain in protozoa is often unclear (Boenigk et al., 2012); the KR and
KCH strains could equally be considered as two species that have
only recently diverged or as two strains of the same species that
have developed different shapes of oocyst. However, in the case
of these two strains of coccidia it would serve little purpose to dis-
tinguish the two species since the majority of characteristics are
identical. Speciﬁcally, the site of parasitisation, gross pathology,
pathogenicity and, most importantly, the speciﬁcity of host immu-
nity elicited after infection, are identical. The ﬁnding of intermedi-
ate forms of oocysts narrows the differences between these two
strains to genetics.
Infections with this species, irrespective of the strain used,
showed the typical macroscopic lesions that can be diagnosed in
the caeca. These were white caseous plugs, ulceration of caeca,
abnormal contents and the presence of ﬁbrinous necrotic material.
These lesions were visible at 5 days p.i. At 6 days p.i. only occa-
sional remnants of caecal plugs could be found and at 7 days p.i.
the lesions disappeared. The pathogenicity of this species mea-
sured after infection as an effect on body weight gain did not differ
signiﬁcantly between the KR and KCH strains (Fig. 2). In practice,
mortality caused by infection with this species was not encoun-
tered. Similarly, as with most other species that have been investi-
gated, the pathogenicity was exempliﬁed only by a reduction in
body weight gain compared with the control group. In the course
of multiple pathogenicity experiments that were carried out, it
was observed that the pathogenicity was also inﬂuenced by the
freshness of inoculum, quality of sporulation and the age of the
turkeys. Therefore, the results between individual experiments
Table 1
Comprehensive comparison of the data from the present work with the published descriptions of Eimeria spp. which infect turkeys.
Species Average
oocyst
size ± S.D.
(lm)
Index
length/
width
Polar
granule
Pre-
patent
period
Location Gross pathology Pathogenicity Endogenous development Location of
endogenous
stages in
tissue
Other
hosts
Eimeria meleagridis KR
(Current study)
22.8 ± 2.0 
14.9 ± 0.9
1.53 YES 102–
108 h
1st generation
ileum, then
caecum
Caseous plugs Weight gain
depression
1st AG large meronts (32–60 mz) in ileum at 48 hpi,
2nd AG small meronts (6–10 mz) in caecum at 64–80
hpi, 3rd AG small meronts (5–11 mz) in caecum at 80–
96 and SG in caecum from 96 hpi
Villi and
crypts
NO
E. meleagridis KCH
(Current study)
18.1 ± 2.0 
14.8 ± 1.0
1.22 YES 102–
108 h
1st generation
ileum, then
caecum
Caseous plugs Weight gain
depression
Same as E. meleagridis KR, no notable differences Villi and
crypts
NO
E. meleagridis
(Tyzzer, 1929)
(Original description)
23.8 
17.4
1.37 YES 5 days
(96–
120 h)
Caecum (in
young birds
also ileum and
rectum may be
involved)
n.d. n.d. Meronts are rather large with large residuum, thick
merozoites
Rather villi NO
E. meleagridis
(Hawkins, 1952)
24.4 
18.1
1.34 YES 5 days
(96–
120 h)
Caecum Caseous plugs, petechial
haemorrhages
Relatively
non-
pathogenic
1st AG small meronts (6–8 nuclei) in caecum until 60–
72 hpi, 2nd AG small meronts (10–14 mz) in caecum
from 73 hpi, SG from 96 hpi
n.d. NO
E. meleagridis
(Clarkson, 1959a)
22.5 
16.3
1.39 YES 108–
112 h
1st generation
small intestine,
then caecum
Caseous plugs Non-
pathogenic
1st AG large meronts (50–100 mz) in small intestine
around Meckel’s diverticulum at 48–60 hpi, 2nd AG
small meronts (8–16) in caecum from 70 hpi, SG in
caecum from 96 hpi
1st AG only
in villi,
others also
in crypts
NO
Eimeria adenoeides
(Moore and Brown,
1951) (Original
description)
25.6 
16.6
1.54 YES 112 h Ileum, caecum,
rectum
Caseous exudate High for
young
turkeys
n.d. Villi and
crypts
n.d.
E. adenoeides
(Clarkson, 1958)
25.6 
16.3
1.58 YES 114–
132 h
Ileum, caecum,
rectum
Caseous plugs, petechiae High for
young
turkeys
1st AG large meronts (up to 700 mz) in lower ileum
and neck of caecum at 60 hpi, 2nd AG small meronts
(12–24 mz) in caecum and also ileum and rectum at 96
hpi, SG in ileum, caecum and rectum at 114 hpi
1st AG villi,
then also
crypts
n.d.
Eimeria gallopavonis
(Current study)
26.6 ± 2.2 
16.4 ± 1.1
1.62 YES 126–
132 h
Ileum, caecum,
rectum
Petechiae and thickening
of distal ileum and
rectum, clotted blood in
ileal lumen, caseous
plugs in caeca
Weight gain
depression,
mortality
1st AG large meronts (60–100 mz) in ileum, caecum
and rectum at 48 hpi, 2nd AG small meronts (8–12 mz)
in ileum, caecum and rectum at 64–96 hpi, 3rd AG
small meronts (10–18 mz) in ileum, caecum and
rectum at 96–112 hpi, SG in ileum, caecum and rectum
from 96–112 hpi
Villi n.d.
E. gallopavonis
(Hawkins, 1952)
(Original description)
27.1 
17.2
1.52 YES 6 days
(120–
144 h)
Ileum, caecum,
rectum
Marked edema,
sloughing, ulceration of
mucosa, yellow exudate
over the ulcers
n.d. No analysis prior to 3 days (72 hpi); 1st AG small
meronts (8 mz) in ileum and rectum at 72 hpi; at
96 hpi small meronts in ileum, caecum and rectum and
also large meronts in rectum; 2nd AG small meronts
(10–12 mz) in ileum, caecum and rectum at 120 hpi,
SG in rectum and occasionally ileum and caecum at
144 hpi
n.d. NO,
except
mild
infection
in Perdix
perdix
Eimeria meleagrimitis
(Current study)
20.3 ± 1.7 
16.4 ± 1.4
1.24 YES 120–
126 h
Whole small
intestine,
occasionally
rectum
Petechiae, wall
thickening and mucus in
duodenum and jejunum,
watery contents of ileum
Weight gain
depression,
mortality
1st AG large meronts (30–70 mz) in whole small
intestine at 36–48 hpi, 2nd AG small meronts (8–14
mz) in whole small intestine at 64 hpi, 3rd AG small
meronts (5–14 mz) in whole small intestine at 80–96
hpi, SG in whole small intestine from 80 hpi
Crypts and
villi
NO
E. meleagrimitis
(Tyzzer, 1929)
(Original description)
18.0 
15.3
1.18 YES 6 days
(120–
144 h)
Small intestine,
mostly lower
Only rarely petechiae Relatively
low
Small meronts (16 mz) Villi n.d.
E. meleagrimitis
(Hawkins, 1952)
19.2 
16.3
1.17 YES 5 days
(96–
120 h)
Small intestine,
mostly jejunum
Watery content,
thickening of jejunum,
white mucus strands, few
petechiae
High for
young
turkeys
1st AG small meronts (9–10 mz) at 66 hpi, 2nd AG
small meronts (10–12 mz) at 96 hpi, SG in duodenum,
jejunum and ileum
Villi and
crypts
NO
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Eimeria dispersa
(Current study)
25.1 ± 2.1 
19.7 ± 1.5
1.27 NO 114–
120 h
Duodenum,
jejunum, partly
ileum
White mucus in
duodenum
Weight gain
depression
1st AG large meronts (20–67 mz) in duodenum and
jejunum at 32–48 hpi, 2nd AG small meronts (8–12
mz) in duodenum and jejunum at 48–80 hpi, 3rd AG
small meronts (10–16 mz) in duodenum, jejunum and
upper ileum at 80–112 hpi, SG from duodenum to
middle ileum from 112 hpi
Villi Colinus
virginianus
E. dispersa
(Tyzzer, 1929)
(Original description)
22.8 
18.8
1.21 NO 5 days
(96–
120 h)
Small intestine,
mostly ﬁrst
portion (in
quail)
n.d. High for
young quails
Two types of meronts: meronts with sausage-shaped
parallely oriented mz and meronts with more
numerous short ovoid mz
Villi Colinus
virginianus
E. dispersa
(Hawkins, 1952)
26.1 
21.0
1.23 NO 5 days
(96–
120 h)
Duodenum Whitish-yellow mucous
sticky material in
duodenum
Relatively
non-
pathogenic
1st AG two types of meronts in duodenum until 66 hpi:
less numerous large meronts (at least 50 mz) and more
numerous small meronts (up to 15 mz); 2nd AG small
meronts (18–23 mz) in duodenum until 96 hpi, SG in
duodenum at 102 hpi
Villi and
crypts
Perdix
perdix
Eimeria innocua
(Current study)
21.2 ± 1.4 
18.5 ± 1.4
1.15 NO 108–
114 h
Duodenum,
jejunum
White mucus in
duodenum
Weight gain
depression
1st AG small meronts (10–18 mz) in duodenum and
jejunum at 32–48 hpi, 2nd AG small meronts (9–19
mz) in duodenum and jejunum at 64–80 hpi, 3rd AG
small meronts (12–18 mz) in duodenum and jejunum
at 80–96 hpi, SG in duodenum, jejunum and upper
ileum from 96 hpi
Villi Colinus
virginianus
E. innocua
(Moore and Brown,
1952)
(Original description)
22.4 
20.9
1.07 NO 114 h Duodenum,
jejunum, upper
ileum
None Non-
pathogenic
n.d. Villi NO
Eimeria subrotunda
(Moore et al., 1954)
(Original description)
21.8 
19.8
1.10 NO 96 h Duodenum,
jejunum, upper
ileum
None Non-
pathogenic
n.d. Villi NO
AG, asexual generation; SG, sexual generation; hpi, hours post-infection; mz, merozoites; n.d., not described.
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Fig. 1. Oocysts of individual strains and species of Eimeriawhich infect turkeys. Refractile (polar) bodies are visible in Eimeria meleagridis KR, Eimeria meleagridis KCH, Eimeria
gallopavonis, Eimeria meleagrimitis and absent in Eimeria dispersa and Eimeria innocua.
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observed, while in other cases only a slight difference from the
control group was seen. Despite the varying results, no signiﬁcant
difference between the strains of E. meleagridis was observed.
Endogenous development. After infection with E. meleagridis KR,
the sporozoites were found along the whole length of the ileum
in both the crypts and villi, 36 h p.i.. Some sporozoites were found
in the intraepithelial lymphocytes, but the majority of sporozoites
as well as all the subsequent parasite stages developed in the vil-
lous epithelial cells. The ﬁrst asexual generation took place in the
epithelium of the villi and the crypts. The mature ﬁrst generation
meronts, which appeared 48 h p.i., formed 32–60 merozoites. The
number of merozoites was only estimated and the actual number
may be even greater. From the second asexual generation onwards,
the parasite stages developed along the whole length of the caeca,
in the upper half of the villi. The localisation, however, was not
strictly limited to the upper region of the villi and when the para-
sitisation was extensive, the developmental stages were also seen
deeper in the mucosa including the crypts. Meronts of the second
and third generation were similar and formed 6–10 (second gener-
ation) and 5–11 merozoites (third generation), respectively. It was
difﬁcult to discriminate between these generations, but increased
parasite abundance between 64 and 80 h p.i. suggested that multi-
plication took place. Second merogony was noted at 64 and 80 h
p.i., and third merogony at 80 and 96 h p.i. Young gamonts were
ﬁrst found at 96 h p.i. and matured ones at 112 h p.i. All stages
were localised above the nuclei of host cells. The development of
E. meleagridis KCH was also studied and no differences between
the strains were observed in the morphology, timing or localisation
of endogenous stages.3.1.2. Eimeria dispersa
Oocysts, prepatent period, pathogenicity. Oocysts of the species
identiﬁed as E. dispersa are characterised by the absence of a refrac-
tile (polar) body and the size of the oocyst corresponding to itsoriginal description (Tyzzer, 1929). The prepatent period was
found to be identical to that described by Tyzzer (5 days). Macro-
scopic lesions were found in the duodenum and jejunum and were
characterised by white mucus and strong blood perfusion. These
lesions did not seem to differ at 5, 6 or 7 days p.i. The lesions were
not marked, even with high infective doses. Infection with this spe-
cies caused depression of body weight gain (Fig. 2), although even
after high infective doses, mortality or complete growth retarda-
tion was never observed.
Endogenous development. All endogenous stages were located in
the epithelium of the tips and walls of the villi. When the infection
was massive, the parasite stages tended to spread towards the dee-
per area of the mucosa, but they were never found in the crypts.
The ﬁrst and the second asexual generation took place in the duo-
denum and jejunum; the third merogony was found in this loca-
tion but also in the upper ileum. Gamonts parasitised from the
duodenum to the middle ileum. The sporozoites were seen at 16
and 32 h p.i. The ﬁrst asexual generation was characterised by
large meronts in which 20–67 merozoites were found. This stage
occurred at 32 and 48 h p.i. with a larger proportion of mature
meronts at the latter time point. The second generation meronts
were observed 48–80 h p.i. and they produced 8–12 merozoites,
mostly parallel-oriented. The third generation meronts were simi-
lar to those of the second generation, but they were slightly larger,
formed 10–16 merozoites and occurred at 80 – 112 h p.i. Young
gamonts were ﬁrst found at 112 h p.i. and the mature ones were
seen at 128 h p.i.3.1.3. Eimeria meleagrimitis
Oocysts, prepatent period, pathogenicity. Oocysts of this species
are relatively small, ovoid and possess a polar granule. The prepat-
ent period was measured to be 120–126 h. Pathological changes
that were noted in infected birds included petechiae, wall thicken-
ing and a larger amount of mucus in the duodenum and jejunum,
and watery contents of the ileum. These lesions were visible at 5
A B
C D
Fig. 2. Growth curves showing relative body weight gain of turkeys at indicated days p.i. compared with the non-infected control group. Infective doses (sporulated oocysts
per bird) and age of birds at the day of infection were the following: (A) 300,000 oocysts of Eimeria meleagridis KR, Eimeria meleagridis KCH or Eimeria gallopavonis at 22 days
old; (B) 1 million oocysts of Eimeria dispersa at 32 days old (C) 300,000 oocysts of Eimeria meleagrimitis at 27 days old; (D) 300,000 oocysts of Eimeria innocua at 27 days old.
Error bars show S.E.M. (n = 5).
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remained. Infection with this species in pathogenicity experiments
caused marked body weight loss at approximately the seventh day
p.i. (Fig. 2). The relative retardation of growth rate and hence the
pathogenicity was the highest among all species investigated. Fur-
thermore, occasional mortality caused by infection with this spe-
cies was also recorded.
Endogenous development. Endogenous stages of this coccidium
were found in an unusually large area of the intestine that included
the whole small intestine, the neck of the caeca and the rectum.
The highest parasite abundance was seen from the middle jejunum
to the upper ileum and the lowest abundance was in the neck of
the caeca and the rectum. Solitary parasite stages were occasion-
ally seen in the caeca. Sporozoites were seen in the epithelium of
crypts and occasionally in the lamina propria, but all subsequent
endogenous stages were only in the epithelium. The ﬁrst genera-
tion meronts were seen in the crypts at 36 and 48 h p.i. They con-
tained a large number of merozoites. Approximately 30–70
merozoites were visible in the plane of section. Meronts of the sec-
ond generation contained 8–14 merozoites and were found in the
crypts and basal area of the villi at 64 h p.i. The last merogony took
place in the villi and the meronts were found at 80, 96 and in small
numbers at 112 h p.i. They gave rise to 5–14 merozoites. The ﬁrst
gamonts were present 80 h p.i. and they successively matured
within 128 h p.i.
3.1.4. Eimeria innocua
Oocysts, prepatent period, pathogenicity. The characteristic trait
of oocysts of this species, shared with E. dispersa, is the absence
of a polar inclusion. Oocysts were small and similar to those of E.
meleagrimitis. The macroscopic lesions caused by infection withthis species were very similar to those caused by E. dispersa.
Lesions were localised in the duodenum and manifested by a white
to yellow mucus and watery content. Watery contents were visible
mainly at 5 and 6 days p.i. and white mucus predominated at
7 days p.i. Infection with this species led to growth rate retardation
that was comparable to that of E. dispersa (Fig. 2).
Endogenous development. The endogenous stages were seen pre-
dominantly in the anterior part of the small intestine between the
stomach and Meckel’s diverticulum. The only exception was
observed at 112 h p.i., when a few gamonts were found behind
the diverticulum as well. The parasite stages were observed exclu-
sively in the epithelium of the villi. Sporozoites and ﬁrst meronts
were found at 32 h p.i. At the time points 48, 64, 80, 96, 112 and
128 h p.i. meronts of similar appearance were seen. They formed
almost equal numbers of merozoites (11–18, 10–18, 11–18, 9–
19, 8–14 and 9–16, respectively) and due to morphological similar-
ity and the overlap in some intervals, it was difﬁcult to discrimi-
nate between individual asexual generations. However,
considering the relation between parasite abundance in the intes-
tine at different time points and infective doses that progressively
decreased, we deduced that three cycles of asexual multiplication
likely took place. First gamonts were observed 96 h p.i. and mature
gamonts occurred from 112 h p.i.
3.1.5. Eimeria gallopavonis
Oocysts, prepatent period, pathogenicity. Oocysts of this species
were the largest of all of the species investigated. The characteristic
ellipsoidal shape resembled E. meleagridis KR, but the oocysts of E.
gallopavoniswere slightly larger. The prepatent period was also the
longest recorded among the turkey coccidia (Supplementary
Table S4). Turkeys infected with this species showed petechiae
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the ileal lumen and caseous plugs in the caeca, similar to those
caused by E. meleagridis. Petechiae and clotted blood were most
marked at 5 days p.i., while caseous plugs in the neck of the caeca
were visible at 6 days p.i. At 7 days p.i. the tissue appeared normal.
The effect of infection on body weight gain was investigated in an
experiment that included the two strains of E. meleagridis and it
showed signiﬁcantly higher pathogenicity of E. gallopavonis at
approximately the seventh day p.i. (Fig. 2). Occasional mortality
from infection with this species was also recorded. Overall, the
results indicate that this species can be considered as displaying
relatively high pathogenicity.
Endogenous development. This species parasitised the lower
ileum, rectum and caecum. The endogenous development was
identical in all of these parts of the gut. The parasite stages were
seen exclusively in the epithelium of the villi. Sporozoites and
young meronts, in which merozoites were not yet formed,
occurred at 36 h p.i. Large, mature, ﬁrst-generation meronts were
seen at 48 h p.i. Approximately 60–100 merozoites were visible
in the plane of section. Small second generation meronts were
noted at 64, 80 and 96 h p.i. They formed 8–12 merozoites. The
third asexual generation was observed at 96 and 112 h p.i. The
meronts were slightly larger than those of the second generation
and gave rise to 10–18 merozoites. Young gamonts were ﬁrst
observed 96 h p.i. Mature gamonts were rare at 112 h p.i., while
at 128 h p.i., this stage was observed almost exclusively.
3.2. Antigenic similarity
Cross-immunity experiments conﬁrmed the antigenic similarity
of the two strains of E. meleagridis and showed the uniqueness of
the remaining species. The two strains of E. meleagridis showed full
cross-immunity even in sterile immunity experiments. In these
experiments the birds shed no oocysts after challenge with either
homologous or heterologous strain. On the other hand, these
experiments showed the distinctness of E. gallopavonis, where mil-
lions of oocysts were shed after a heterologous challenge. Other
cross-immunity experiments compared mostly phylogenetically
related species (Table 2, Supplementary Table S2). Regarding the
combinations that were not tested (i.e. E. innocua with E. gallopav-
onis) the absence of cross-immunity could be assumed on the basis
of the absence of cross-immunity between phylogenetically more
closely related species (i.e. E. innocua with E. dispersa). This delim-
itation of species according to the absence of cross-immunity cor-
relates well with the biological differences of individual species
and with phylogenetic positions of these species according to 18S
rDNA and COI sequences.
3.3. Host speciﬁcity
Experiments in which quails were inoculated with turkey cocci-
dia showed that E. dispersa and E. innocua were able to infect theTable 2
Summary of cross-immunity experiments.
Immunisation Challengea
Eimeria meleagridis KR E. meleagridis KCH Eimeria disp
E. meleagridis KR Homologous (99%) YES (99%)
E. meleagridis KCH YES (92%); YESb Homologous (76%)
E. dispersa Homologou
E. innocua NO (0%)
E. meleagrimitis NO (34%)
E. gallopavonis NOb NOb
a YES or NO indicates the presence or absence of cross-immunity while the number in p
non-immunised challenged controls. Diagonal cells present data from homologous chal
b Result from an experiment where sterile immunity was induced.quail and signiﬁcant amounts of oocysts were produced. After sin-
gle-species infection the quails produced more than 4 million
oocysts of E. dispersa per bird and 40,000 oocysts of E. innocua
per bird. The reproductive potential of E. innocua in the quail seems
to be approximately 100 times lower than that of E. dispersa,
although this number is based only on a single experiment. Neither
of the remaining species or strains that were tested – E. meleagridis
KR, E. meleagridis KCH or E. meleagrimitis – were able to infect the
quail host. The ability of E. dispersa to infect the quail is considered
a characteristic trait of this species because it was originally iso-
lated from this host by Tyzzer (1929). However, in the case of E.
innocua this ﬁnding was unexpected as no other turkey Eimeria
except E. dispersa was described to infect Bobwhite Quail.
3.4. Identiﬁcation of species – assignment of species names
The ﬁnal assignment of species names was based solely on the
comparison with the original descriptions. The observations of
Hawkins and Clarkson were used for comparitive purposes, with
the aim to reconcile our results with their ﬁndings. Aspects such
as the priority of publication (in the case of E. meleagridis versus
E. adenoeides) and the differences in description, even when some-
times subtle, support the presented assignment of the species
names. A summary comparison of species characteristics described
in this work with the original and later descriptions is presented in
Table 1.
3.4.1. Eimeria meleagridis and E. gallopavonis
Eimeria meleagridis was previously identiﬁed as E. adenoeides
(Poplstein and Vrba, 2011) based on the marked pathology in the
caecum, oocyst morphology and the prepatent period. However,
comparison of all gathered data (Table 1) showed that the correct
name of this species is E. meleagridis.
Two species that parasitise the caecum were encountered in
this work – E. meleagridis and E. gallopavonis. In the literature, three
species localised to the caecum were described – E. meleagridis
(Tyzzer, 1929), E. adenoeides (Moore and Brown, 1951) and E. gal-
lopavonis (Hawkins, 1952). The species name E. gallopavonis was
ﬁrst mentioned in 1950 in an abstract from the 39th Annual Meet-
ing of the American Society of Parasitologists published in the Jour-
nal of Parasitology (Hawkins, 1950) and hence became nomen
nudum (Chapman, 2008). Hawkins passed away in 1951 and the
ﬁrst data about this species were published by Moore and Brown
in their paper describing a new species, E. adenoeides (Moore and
Brown, 1951). Hawkins’ original text, revealing a full description
of this species, was published in 1952 (Hawkins, 1952). Eimeria gal-
lopavonis was thus isolated and described before E. adenoeides,
although valid descriptions were published in reverse time order.
Despite the mutual similarity and frequent ambiguity of the three
original descriptions, the parameters of the two caecal species pre-
sented in this work best ﬁt those of the two earliest discovered
species – E. meleagridis and E. gallopavonis. The difference betweenersa Eimeria innocua Eimeria meleagrimitis Eimeria gallopavonis
NOb
s (98%) NO (36%)
Homologous (99%) NO (0%)
Homologous (99%)
NO (47%) Homologous (91%)
arentheses shows the reduction in oocyst output after challenge in comparison with
lenge groups used as controls in each experiment.
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meleagridis has a markedly shorter prepatent period, slightly smal-
ler oocysts and is localised in the caecum, while E. gallopavonis is
present consistently in the ileum, caecum and rectum during its
whole endogenous life cycle.
The original description of E. meleagridis by Tyzzer is relatively
short; however, data such as the size of oocyst, prepatent period
and localisation in the caecum agree with our ﬁndings. On the
other hand, in the same work Tyzzer states that in young birds
‘‘also ileum and rectum may be involved’’ (Tyzzer, 1929), which
is a characteristic more typical of E. gallopavonis. Subsequent
observations of E. meleagridis by Hawkins (1952) and Clarkson
(1959a) are in agreement with our data – the size of the oocyst,
prepatent period, localisation, gross pathology, the presence of a
polar granule and host speciﬁcity. A comparison of life cycle data
with Hawkins (1952) and Clarkson (1959a) exposes some discrep-
ancies that could be explained by the different methodology used.
The possible reason why Hawkins did not observe the ﬁrst asexual
generation with large meronts, which was observed in our work,
could be due to the differences in infective doses used for early
time intervals. The abundance of early endogenous stages is low
and proportional to the number of viable oocysts in the inoculum;
therefore they can be easily missed unless a high infective dose is
used. Hawkins did not reveal the doses used. Clarkson did observe
these large meronts, although more cranially. We therefore assume
that the two asexual generations described by Hawkins correspond
to the second and third generations described in the present work
and that the second generation described by Clarkson also corre-
sponds to the second and third generations observed in the present
work. It is difﬁcult to distinguish and count individual generations
that overlap, but according to marked multiplication of parasite
stages at successive time intervals, we estimated that three asexual
generations took place in all of the species that have been investi-
gated in this work. Observations by Clarkson (1959a) also agree
with the present ﬁnding that the ﬁrst generation meronts of E.
meleagridis also parasitise in the crypts, while the remaining stages
are localised only in the villi.
Comparison of E. gallopavonis in the present study with the ori-
ginal description of this species (Hawkins, 1952) revealed that
parameters such as the largest size of the oocysts and the longest
prepatent period among turkey coccidia agree. The localization of
endogenous stages in the ileum, caecum and rectum also agree
with Hawkins’ description. In the study of its endogenous life cycle,
Hawkins did not examine turkeys prior to 3 days p.i., and therefore
he probably could not see the large meronts of the ﬁrst asexual
generation that we have observed at 48 h p.i. However, he
observed large meronts simultaneously with the small ones at
the time when the second asexual generation was already
observed in the present work. We suppose that the ﬁrst and second
generations described by Hawkins (1952) correspond to the second
and third asexual generations described in the present work.
According to our ﬁndings the sexual stages have developed in
the ileum, caecum and rectum concurrently, while Hawkins
describes these stages predominantly in the rectum, and only occa-
sionally in the ileum and caecum.
One of the major differences between E. meleagridis and E. gal-
lopavonis in the literature is that E. meleagridis is considered non-
pathogenic and E. gallopavonis (and also E. adenoeides) is consid-
ered highly pathogenic (Chapman, 2008). However, the pathoge-
nicity of individual species that is reported by different authors
is not a good criterion for comparison because in our experience
the pathogenicity varies and is dependent on multiple factors that
may differ between experiments (such as the state of actual isolate
used for infection or the age and health condition of the birds). We
think that the most relevant conclusions about pathogenicity could
be drawn from the parallel comparison of two or more species inthe same experimental setup; however, such experiments are rare.
Hence, the references to pathogenicity in the original literature
should be interpreted cautiously. Our results showed higher path-
ogenicity of E. gallopavonis compared with that of E. meleagridis,
although there is not such a strict line as to consider one species
pathogenic and another non-pathogenic because both can cause
marked gross pathology and growth retardation.
Comparison of E. meleagridis and E. gallopavonis presented in
this work with the original description of E. adenoeides (Moore
and Brown, 1951) points in both cases to some non-negligible dif-
ferences. Discussion about the possibility that E. meleagridis could
be E. adenoeides leads to conﬂict regarding the localisation. Accord-
ing to Moore and Brown (1951), the endogenous stages of E. ade-
noeides also occur in the rectum; however, the present work
showed that development was limited to the ileum and caecum.
Discussion about the possibility that E. gallopavonis could be E. ade-
noeides arrives at a disagreement in prepatent periods. The
reported prepatent period of E. adenoeides is 112 h while the pre-
patent period of E. gallopavonis is 126–132 h. Moore and Brown
(1951) report the absence of cross-immunity between E. adenoe-
ides and E. meleagridis and state that E. gallopavonis was not avail-
able for comparison. We suppose that they either worked with E.
meleagridis or E. gallopavonis, or a mixed isolate containing both
species. There is also the possibility that they dealt with a third
species parasitising the caecal region, with a prepatent period cor-
responding to that of E. meleagridis and the localisation identical to
E. gallopavonis. Such a species was not encountered in our work
and the existence of a species with the given characteristics cannot
be excluded; however, we consider more probable that the name E.
adenoeides is a misidentiﬁcation and thus nomen dubium.
The work of Clarkson (1958) on E. adenoeides indicates a wide
range of prepatent periods in individual turkeys that conform to
both E. meleagridis and E. gallopavonis. Clarkson’s description of
endogenous stages localised in the ileum, caecum and rectum
resembles E. gallopavonis described in the present work. Clarkson
reports large meronts of the ﬁrst asexual generation having as
many as 700 merozoites. We observed 60–100 merozoites per
meront in the plane of section in E. gallopavonis and did not
attempt to estimate the number of merozoites in the whole mer-
ont. Due to the inherent difﬁculty in counting the number of mer-
ozoites in larger meronts, different authors report various
numbers, and we have therefore used only categories of small
and large meronts in our comparison (Table 1). Clarkson also noted
E. adenoeides in the crypts, which is typical of E. meleagridis pre-
sented in this work and not of E. gallopavonis that was seen only
in the villi.
Relatively recently, Matsler and Chapman (2006) have pub-
lished a detailed analysis of a species identiﬁed as E. meleagridis.
Parameters of their species, including the oocyst size, prepatent
period and pathogenicity, are similar to the parameters of E. mele-
agridis presented in our work. However, these authors have
described the absence of gross lesions and they observed simulta-
neous development of large meronts in midintestine and small
meronts in the caeca at 72 h p.i. All four strains of E. meleagridis
described in our work were able to cause marked caecal lesions
and the phenomenon of concurrent development at two relatively
distant locations was not observed in the present work.
3.4.2. Eimeria meleagrimitis
Identiﬁcation of this species as E. meleagrimitis was not ham-
pered by conﬂicts with the literature or ambiguous description. It
is a species with small oocysts that parasitises the whole length
of the small intestine, as described by Tyzzer (1929). Tyzzer
reported the prepatent period to be 6 days (i.e. 120–144 h) and
the prepatent period measured in our study was 120–126 h.
Oocysts of this species possess a polar (refractile) body that
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The difference from E. dispersa is also the range of intestine that
is parasitised. While E. dispersa affects mostly the upper part, E.
meleagrimitis extends down to the rectum. The observations of
Hawkins (1952) on E. meleagrimitis are essentially in agreement
with the present ﬁndings. Hawkins reported that the endogenous
stages occur in the duodenum, jejunum and ileum, while the high-
est parasitisation was seen in the jejunum. We assume that the
two generations of small meronts described by Hawkins represent
the second and third asexual generations described in our work.
Unlike Hawkins, we have also observed large meronts of the ﬁrst
generation. Gradual migration of endogenous stages from the
crypts to the villi was observed in our work, while Tyzzer (1929)
and Hawkins (1952) predominantly reported villi, even though
Hawkins also saw a smaller number of stages in the crypts. Biolog-
ical characteristics of E. meleagrimitis presented in the recently
published re-description of this species (El-Sherry et al., 2014)
are in agreement with the observations in this work.
3.4.3. Eimeria dispersa
This species was identiﬁed based on the preference for the
upper small intestine, mostly the duodenum, and its ability to
infect the quail as described by Tyzzer (1929). Parameters such
as oocyst morphology and prepatent period also agree with the ori-
ginal description. A speciﬁc feature of the oocysts of this species is
the absence of a polar body in sporulated oocysts. The description
of endogenous development of this species by Hawkins (1952) can
also be considered to be in agreement with the present ﬁndings.
Hawkins found the ﬁrst generation to consist of both large and
small meronts and the second generation of small meronts. We
report the ﬁrst generation of large meronts and two additional
generations of small meronts. Although Hawkins reported that this
species also occurred in the crypts, in our work the endogenous
stages were observed only in the villi. The reason and signiﬁcance
of the observed differences in the localisation in the crypts or villi
remains unclear. Disregarding host speciﬁcity, this species could
also be considered as E. innocua or E. subrotunda because these
two species also parasitise the upper intestinal region and the
oocysts are similar. However, these two lesser known species have
a different oocyst shape index and different prepatent periods.
3.4.4. Eimeria innocua
The species name E. innocua was assigned to a species that is
related to E. dispersa but its parameters are closer to the descrip-
tion of E. innocua (Moore and Brown, 1952). Oocysts of this species
lack the polar body. This feature is typical of E. dispersa, E. innocua
and also E. subrotunda (Moore et al., 1954). The species name E.
subrotunda was excluded based on a markedly different prepatent
period and the species name E. dispersawas excluded based on pre-
vious identiﬁcation of a species that better ﬁts the original descrip-
tion of E. dispersa. There is, however, discrepancy between the host
speciﬁcity reported in the original description of E. innocua and our
ﬁndings. Moore and Brown (1952) reported that their E. innocua
could not infect the quail, but in our experiments quails could be
infected although those did not produce so many oocysts as in
the case of E. dispersa. We have no explanation for these different
ﬁndings, but it appears much more probable that this species is
E. innocua than the ﬁnding of a novel species with the characteris-
tics of E. innocua and different host speciﬁcity. Considering (i) the
close phylogenetic relationship between E. dispersa and E. innocua,
(ii) the shared lack of a polar body in the oocyst of E. dispersa, E.
innocua and E. subrotunda, and (iii) the similar location in the intes-
tinal tract of these three species, we hypothesise that should E.
subrotunda exist, it would probably infect the quail as well. We
consider it plausible that the turkey is not the main host for these
three species and it can also be the reason why the species such asE. innocua and E. subrotunda are little studied or reported from the
ﬁeld.
The possibility that E. innocua reported in this work could be E.
meleagrimitis can be excluded based on several conﬂicts with the
original description of this species (Tyzzer, 1929). These include
different prepatent periods, the presence of a polar body in the
oocyst of E. meleagrimitis, but most importantly the different local-
isation in the intestinal tract. While Tyzzer’s description notes the
whole small intestine and mostly the lower portion for E. melea-
grimitis, the species E. innocua described in this work parasitises
the upper part of the intestine (duodenum, jejunum).
3.5. Molecular characterisation and phylogenetics
3.5.1. Sequences of 18S rDNA, COI a ITS1
At the beginning of this study, many 18S rDNA sequences from
mixed species isolates were obtained and later, after the isolation
of pure strains, sequences of COI and ITS1 were added. Sequences
of 18S rDNA, COI and ITS1 obtained from the KR and KCH strains
of E. meleagridis were previously published under the name E. ade-
noeides (Poplstein and Vrba, 2011). The strains E. meleagridis NR
and RM did not signiﬁcantly differ from the KCH strain in their
sequences of 18S, COI and ITS1 and they could be considered as
additional isolates of the KCH strain. As previously reported, the
18S rDNA sequences of KR and KCH differ in two transversions,
COI sequences share 97.4% similarity at the level of DNA and are
identical at the level of protein, but the sequences of ITS1 show rel-
atively high dissimilarity. Despite all of the biological similarity
between the KR and KCH strains, we continue to distinguish
between these two strains (including in qPCR) due to these
sequence divergences and potential unrevealed differences. An
interesting ﬁnding, which initially led to confusion, was the intrag-
enomic polymorphism of 18S rDNA in E. meleagrimitis, in which
two considerably distinct sequences of 18S rDNA were found.
Although a similar polymorphism was found in E. mitis (Vrba
et al., 2011), the sequence difference was much more marked in
E. meleagrimitis. The two types of 18S rDNA in E. meleagridis shared
only 97% similarity. The same ﬁnding in the same species was only
recently reported by El-Sherry et al. (2013). Such marked polymor-
phism was never observed in other species described in this work
and the sequences of 18S rDNA usually differed only in a few single
nucleotide polymorphisms (SNPs). Sequences of COI were unique
in each strain and free of SNPs. The intragenomic polymorphism
of ITS1 was marked and the samples usually contained multiple
sequence types that differed by substitutions, deletions and inser-
tions. The highest polymorphism of ITS1 was recorded in E. dispersa
(up to 8% sequence divergence, Supplementary Table S5). The com-
parison of ITS1 sequences by Cook et al. (2010) with the sequences
of the species identiﬁed in our work revealed that the published
ITS1 sequences of E. adenoeides correspond to E. meleagridis KR
described in this work, sequences of E. dispersa correspond to E. dis-
persa, sequences of E. meleagrimitis correspond to E. innocua,
sequences of E. meleagrimitis (type 2) correspond to E. meleagrimitis
and sequences of E. gallopavonis correspond to E. gallopavonis. Cook
et al. (2010) do not present the biological characterisation of the
species used for derivation of ITS1 sequences, and therefore the
discrepancies in the species identiﬁcation with our work cannot
be discussed. It is, however, interesting to note that the species
identiﬁed by Cook et al. (2010) as E. meleagrimitis was identiﬁed
by us as E. innocua. The sequences of 18S rDNA, COI and ITS1
(including its variants) were submitted into EMBL-Bank (accession
numbers in Supplementary Table S5).
3.5.2. Phylogenetic analysis
The phylogenetic trees based on 18S rDNA (Fig. 3) and COI
(Fig. 4) allowed several interesting conclusions to be
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were clustered into a separate clade placed outside other turkey
coccidia and outside the chicken species. Bootstrap support (ML)
or posterior probability (BI) for this hypothesis was 100% in all
trees. This phylogenetic placement might seem less surprising
when this result is put this into the context of unique characteris-
tics of these two species – the the ability to parasitise Bobwhite
Quail, which belongs to a different family (Odontophoridae) than
the turkey (Phasianidae), and the absence of a polar body in the
oocyst.
Another interesting feature of reconstructed phylogenetic trees
is the placement of chicken coccidia that parasitise the lower part
of the intestine (caecum) – E. necatrix and E. tenella. These two spe-
cies are clustered together with the main group of turkey coccidia
and not with the rest of the chicken species. Bootstrap support (or
posterior probability) for this placement was 49% in the 18S ML
tree, 92% in the 18S BI tree and 100% in both COI ML and BI trees.
It was not possible to separate chicken and turkey coccidia into
monophyletic groups corresponding to each host using the
sequences of 18S rDNA or COI. Placement of E. necatrix and E. tenel-
la outside of other chicken species was already reported (Barta
et al., 1997; Miska et al., 2010) and it was hypothesised that a host
switch event could explain this ﬁnding. Barta et al. (1997) suggest
that E. necatrix and E. tenella might have arisen from turkey cocci-
dia that switched to chicken during the domestication of these
birds. The results presented here conﬁrm the plausibility of this
hypothesis; however, the hypothesis can also be contended. The
phylogenetic distance between the two species and the turkey coc-
cidia is still quite large considering the relatively short period of
contact between the domesticated forms of these two hosts. More-
over, in the 18S and COI trees these two species form a sister group
to the turkey species and do not branch from some speciﬁc turkey
species that could point to a species that underwent the switch. A
host-switch event implies the missing caecal species in the chicken
ancestor, but this raises the question as to why such an ecological
niche (caecum) would not have been occupied by its own species
before the host-switch event.
In the phylogenetic trees based on 18S rDNA there is an unusu-
ally large distance between the two types of 18S rDNA sequence in
E. meleagrimitis, resembling the branching of independent species.
The reason for this uncommon polymorphism remains unknown. It
was difﬁcult to align ITS1 sequences due to substantial differences
(large deletions and insertions), therefore the resulting ITS1 trees
are not robust and might be based on a phylogenetically uninfor-
mative alignment. Nevertheless, a BI tree constructed from ITS1
sequences (Supplementary Fig. S1) shows the same topology of
turkey Eimeria spp. as the tree based on 18S rDNA.
3.6. Development of qPCR diagnostic assays
3.6.1. Derivation of markers
Approximately 15 bands from RAPD reactions were excised for
each strain of turkey coccidia. Of these, the majority provided a
sequence that did not match any sequenced organism and presum-
ably came from the eimerian genome that was used as a template
for the RAPD reaction. Approximately 10 candidate qPCR markers
were designed for each strain of coccidia using these sequences.
The performance of the ﬁrst of these markers and their speciﬁcity
were tested in SYBR Green qPCRs. The markers that were speciﬁc
for multiple strains or species of turkey coccidia were excluded.
Only markers with a single-peak dissociation curve pointing to a
single PCR product of expected melting temperature (84–86 C)
were analysed further. These markers were also conﬁrmed for
the presence of a single band of an expected length using agarose
gel electrophoresis. For each different strain of coccidia the ﬁnal
qPCR marker was selected for testing in TaqMan qPCRs. SevenqPCR markers were selected; ﬁve markers were speciﬁc for each
turkey Eimeria sp. and two markers were speciﬁc for two strains
of E. meleagridis (KR and KCH, Table 3). Thus, this panel of qPCR
markers could either be used with the universal marker for E. mele-
agridis or with two markers that discriminate between individual
strains of E. meleagridis.
3.6.2. Speciﬁcity and sensitivity of qPCR assays
All of the ﬁnal qPCR markers were found to be absolutely spe-
ciﬁc for their target species or strain. No ampliﬁcation was seen
using a DNA template from non-target turkey Eimeria, chicken
Eimeria, the host, microﬂora or the feed.
Sensitivity was assessed from a standard curve constructed
using linearised plasmids and it showed that 10 target copies could
be detected consistently in each replicate. This amount approxi-
mately corresponds to a single sporulated oocyst containing eight
haploid genomes.
Standard curves constructed from linearised plasmids showed
that quantiﬁcation was possible over a wide linear range (107 to
102 copies, R2 > 0.998, PCR efﬁciency between 1.98 and 2.00). A
genomic DNA template caused the decrease in PCR efﬁciency to
the level of approximately 1.90. The linear range tested with geno-
mic DNA corresponded to a target concentration between 105 and
102 copies (R2 > 0.995). The amount of copies in the genomic DNA
template was estimated from plasmid-based standard curves and
corrected for the lower PCR efﬁciency.
To check whether the number of copies of the target sequence
of each marker was the same in each species or strain, a template
was prepared from an equal number of evenly sporulated oocysts
for each strain and a standard curve was constructed using this
template. Only slight differences between the standard curves
were observed, probably due to the different PCR efﬁciency and
no marked deviation of any of the markers that would point to
double- or multi-copy targets. The differences between obtained
threshold cycle numbers were less than 1 around threshold cycle
26. It could therefore be assumed that all markers were most prob-
ably single-copy. An initial candidate marker for E. dispersa
appeared to be a multi-copy in these tests, and was therefore
excluded and replaced with another candidate marker.
3.6.3. Utility of qPCR assays
The presented qPCR assays can be utilised for both identiﬁca-
tion and quantiﬁcation of various species in mixture. Their fre-
quent usage during this work was to check the inocula for
unintended contamination with another species, which is a com-
mon problem in coccidiosis research, despite strict rules that aim
to avoid any cross-contamination. Useful and recommended prac-
tice in the application of the presented qPCR assays is to include a
generic Eimeria spp. qPCR assay based on 5S ribosomal DNA
(Blake et al., 2006). This can reveal any non-target species, such
as the species from the hosts other than turkey, or possibly some
turkey species not described in this work. The developed markers
can also be used with SYBR Green-based chemistry, or without
the qPCR instrumentation the reactions can be run as conven-
tional PCRs.
3.7. Conclusions
Six pure strains representing ﬁve species of turkey coccidia
were isolated, characterised in detail, compared in multiple exper-
iments and their phylogenetic relationships were inferred from
molecular data. Molecular diagnostic tools based on qPCR were
also developed. The fact that we had all of these species available
at the same time and that their species purity was under the con-
trol of molecular tools enabled us to identify the species within the
Fig. 3. Phylogenetic tree of turkey and chicken coccidia constructed from 18S rDNA Eimeria sequences by Bayesian inference. The tree constructed using the maximum
likelihood method shared the same topology of major clades discussed in Section 3.5.2. Values above the branches show posterior probability. GenBank accession numbers
are indicated.
Fig. 4. Phylogenetic tree constructed from Eimeria cytochrome c oxidase subunit I (COI) gene sequences by Bayesian inference. The tree constructed using the maximum
likelihood method shared the same topology of major clades discussed in Section 3.5.2. Values above the branches show posterior probability. GenBank accession numbers
are indicated.
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ciseness of the majority of original descriptions, we assume that
the assignment of species names is taxonomically correct.
Our work showed that the species that cause coccidiosis in the
turkey include two species that parasitise the caecal region – E.
meleagridis and E. gallopavonis, one species that parasitises the
whole small intestine – E. meleagrimitis, and two species that par-
asitise the upper part of the small intestine and are able to infect
the quail – E. dispersa and E. innocua. The highest relative pathoge-
nicity in our experimental setup was observed in E. meleagrimitis
and E. gallopavonis. We consider the original description of E. ade-noeides as a misidentiﬁcation of E. meleagridis, E. gallopavonis or a
mixture of these two species.
Phylogenetic reconstruction revealed the polyphyletic origin of
coccidian species infecting the turkey. The notion that the host
speciﬁcity of eimerian species might rather be the result of adapta-
tion than co-speciation was recently published in a report based on
rodent Eimeria (Kvicˇerová and Hypša, 2013).
The study of the prevalence of these species at turkey farms was
not part of this work and it remains an open question. The pub-
lished panel of qPCR markers enables such surveys to be done in
the future. It would also be interesting to compare data regarding
Table 3
Quantitative real-time PCR markers for detection and quantiﬁcation of ﬁve turkey Eimeria spp. including two markers which discriminate two strains of Eimeria meleagridis.
Species/strain Primer (F/R) and probe (P) sequences (50–30) Primer length (bp) Amplicon size (bp)
Eimeria dispersa F: CCTACCTTGAGGACCGAAATG 21 117
R: GTCCGCCACTACCAGTGACTAT 22
P: (6FAM)CTGCGGGTGCGATTCCGATAGA(BHQ1) 22
Eimeria gallopavonis F: GCGATCAGATAATGCACGAG 20 145
R: CGGGTTTCTCTCAAATGTCC 20
P: (6FAM)TGAGATAAAGACGCGCGCAGTTTTG(BHQ1) 25
Eimeria innocua F: CGTGCTGCACAGTTCTCTCTAT 22 124
R: TTCTCGTGAGAAAAGACCACAG 22
P: (6FAM)CAGTCCTACATCTGCAGCAGCCAG(BHQ1) 24
E. meleagridis F: CCCAAATGGTTCTCTTTTGTTT 22 112
R: AGAGGAAGCTGCATAAGAAAGC 22
P: (6FAM)AGGCCGAGCTCTTTGGCCACT(BHQ1) 21
E. meleagridis KR F: CAGACAGAACACAACGCACAGT 22 151
R: GAAAGGCACAACATTGAGGAAT 22
P: (6FAM)CGTGTGCTAGCTCACGACGTGCT(BHQ1) 23
E. meleagridis KCH F: GGCGCTAAGTACCCGTATAGAA 22 112
R: CATTAGGTGTAACGCTGTCCTG 22
P: (6FAM)TCATCTCCGCGTTCGCACTGA(BHQ1) 21
Eimeria meleagrimitis F: TGTCGATGTTGCTGTTGTC 19 143
R: GAGCCTTGCGTTAGTGTG 18
P: (6FAM)ACCGTCTCGCCAACTGCCGC(BHQ1) 20
6-FAM, 6-carboxyﬂuorescein; BHQ1, Black Hole Quencher 1.
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results presented in this work. The incidence and severity of sub-
clinical coccidiosis and the role of each of the presented species
also remains to be elucidated.
Turkey coccidiosis is an important veterinary problem and
together with growing poultry production worldwide and efforts
to reduce the usage of in-feed anticoccidial drugs in some coun-
tries, the importance of this disease will continue to increase in
the future. Knowledge of species diversity and the availability of
diagnostic tools will be key factors in effective disease control.
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